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junmonium (TEA) suggests that these 
agent* occupy structurally homologous 
binding sites close to or within the mouth 
0 f the channel pore (20). Guy and Conti 
(27) and Hillc (20) suggested an alignment 
0 f :imino acid sequences where the Glu 
involved in TTX and STX binding in Na* 
channels is one to two position* away from 
the critical residue at position 449 in K* 
channels, a major site in charybdotoxin and 
TEA binding. Our results with the Cys 3 * 
Tvt and the Arg 377 -* Asn mutants 

• demonstrate that residues 374 to 377 arc 
essential for binding of TTX and STX and 
CJ : *, which would align with residues 444 
to 447 of the Slicker K* channel (20, 27). 
This would place the TTX and STX recep- 
tor ^out three-eighths to three-quarters of 
the way iaro the pore, which is inconsistent 
with the observed lack of voltage depen- 

. dence for TTX and STX binding. Identifi- 
cation of the residue at position 374 as 
critical to high-affinity toxin binding re- 
veals the. structural difference ihnr disrin- 
gv^hes TTX-R and TTX-S Na*_channcl 
is. :rmv and explains (he high-affinity di- 
v^nt cation blockage of the RHI and the 
competition of divalent ions and roxin for 
binding. The position of this residue may 
require revision of the Na " channel pore 
structure suggested by homology with the 
K' 1 channel. 

Norc added in proof: Cys 374 Phe hx< 
the same properties as Cys 3 * 4 -* Tyr. 
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Identification of Heregulin, a Specific Activator 

of p185 erbB2 

William E Holmes,* Mark X. Sliwkowski, Robert W. Akita. 
William J. Henzel. James Lee, John W. Park. Daniel Ya n sura 
Nasrin Abadi, Helga Raab, Gail D. Lewis H . J^^^LShJP 
Wun-Jing Kuang, William I. Wood, David V. Goeddel, 
Richard L. Vandlen** 

The oroto-oncooene designated erb&2 or HER2 encodes a 185-kilodaiton transmembrane 
rlrLSinS whose overexpression has been correlated wth a poor prog- 

2 Z ™^ hSan mair g nanc,es. A 45-kilodalton protein hcregulin-cc (HRG-cO that 
phosphorylation of p185-^ was purified from the condoned me- 
dium ^1^^*™* cell line Several complementary ON A clones encoding 
Sed HRgS nvere identified all of which are similar to proteins in tho epidermal growlh 
^^St^i^s of the binding of recombinant HRG to a breast tumor eel 
iSS^ Showed a single high aninity binding site [dissoctat.on constant 

and cancer cell toes., The HRGs may represent the natural hgands for pi 85 



The pl85 £,bIU protein is a 185-kD trans- 
rncmbrone ryroMnc kinase encoded by the 
crbB2 proto-oncopene (J) th^c is similar to 
the epidermal growth factor (ECF) receptor 
(2) rind the HER3. or c-cW>B3, protein (3). 
Both pl85 crM " and the EOF receptor are 
associated with certain human maliKnan- 
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cies (4). In particular, overexpression of 
pl85 crJ>B2 correlates with a poor prognosis in 
breast, ovarian, gastric, nnd endometrial 
cancers and non-small cell lung adenocar- 
cinoma (5). EGF and transforming growth 
factor-ct (TGF-n), which are ligands for 
the EGF receptor, clearly promote cell 
growth and transformation (1, 6). Howev- 
er, a similar dependence on ^ tigsnd for 
growth or transformation in cells expressing 
pl85 effcBJ has not been established. Neither 
EGF nor TGF-a binds to or activates 
pl65" bb7 (7). 

Evidence that pl85 f,M " may respond to 
exor^nous ligands includes observations 
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that some monoclonal antibodies to the 
extracellular domain of plSS*^ 2 can in- . 



crease its tyrosine kinase activity and affect 
cell proliferation (S). There have been 



several reports of partially purified activities 
that affect plSS*'*''* 2 function. Two reports 
described an activity with a molecular size 
of 30 to 35 kD activating both the EGF 
receptor and pISS^ 2 (9. JO); a third 
reported that a smaller protein (8 to 24 kD) 
activated p\65 Km (the rat homolog of 
pI85'* E2 ) but not the EGF receptor (J I). 
In contrast, we have purified and character- 
ized a 45-kD protein, heregulm-a (HRG- 
a), that specifically activates tyrosine phos- 
phorylation of pl85' fM)3 . 

HRG-ot was detected in conditioned 
medium of MDA-MD-231 human breast 
carcinoma cells as a factor that stimulated 
the tyrosine kinase activiry of pl85** Kb2 in 
MCF-7 breast tumor cells (12) (Fig. 1). We 
purified the 45-kD protein by chromatogra- 
phy on heparin Sepharose and cation ex- 
change column* and by rcversed-phasc 
chromatography. Amino acid sequence 
data derived from proteolytic digestion 
products (13) enabled the design of a dcoxy- 
oligonucleotide probe that was used ro 
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Fig. 1. Purification of here^ulinffc^ a C 1 2 3 

conditioned medium of MCA-MB- 
231 (ATCC # HTB 26) cells (12). 
(A) Etution of proteins (absorbance 
at 214 nm) from C*J reversed-phase 
high-porformance licuid chroma- 
tography (HPLC) column. (Bj Frac- 
tions from the HPLC column were 
assayed for the stimulation of tyro- 
sine phosphorylation in pISS*^ 
Protein immunobiots blots were 
quantified by densitometry (i2) 
and the results arc presented >n 
arbitrary units. (C) SDS-poJ/acryi- 
amide geJ electrophoresis {SDS- 
FAGE) of fractions from the HFLC 
column. Proteins were visualized 
by silver staining. Lane i. molecu- 
lar size standards; lane 2. frac'jor 
16 (10 m-0: lane 3. fraction 17 tic 
^1). The fraction with peak acrwir/ (fraction 1 7) contained primarily a Single protein of -45 kD, wJvch 
was subjccied to sequercing ; i3). The other peaks of activiry contain other proicins and may be 
due to resolution glycosylated iscferms of HBG. 




31— Ji- 
22— ^ 



£ 2 

i-z 



ft 



i» 4 * 



C-CCC 

r 



Amino acids 



200 



4D0 



600 
i 



• be -400 



400 •800 



1200 1£00 2000 



13 



(HBG-a) - 

(HRG-D2) 

(HRG-&3) 



B 

HKG-ft 
HAG- a 

imc-a 

HRC-pl 
HPG-03 
HRG— a 
HBO-a 
HRG- a 
KftG-a 

c 

HRG-a 

KRG-fSl 

HRS-p2 

EGF' 
TGF-a 

HB-ECF 



Fig. 2. Amino acid sequence ol the neregulirvs and their rotation to EGF famify mcmbes. (Ai 
HRG cDNAs. Hydropathy profile indicating the position of a hydrophobic domain at positions 
2<i3 to 265 (top). The coding area is boxed and cysteines are indicated (bottom). Hatching, 
six-cysteinc EGF-like structural unit: tilted boy, hydrophobic segment. (J) sw poienhal aapar- 
agine-linkcd glycosylate sites [29): small filled box. area for possible O-linked glycosylate 
.(30). The lengths and positions of clones 13. proHRG^ proHRG-(ii, proHRG-(}2. and 
' proHRG-jl3 are shown with pory(A) tails designated (AJ. The dashed tine of proHRG-&3 is a 
ncn-homolOQOus 3' untranslated sequence. (B) Amino acid sequences ol the proHRGs 
.. Amino ac»d sequence and alignment ol three proHRG forms relative to proHRG-a. Amino ace 
numbers, indicated on the left, a^e based on proHRG-a. Shaded ares, amino acids within the 
divergent region of the HRGs (hat occur in at least two forms, asterisks, COOH-terminal amine 
acids; overline. the 23-amino acid hydrophobic region; double dots, possible si!e; of 
giycosaminogrycan addition (37); triple dots, possible cites of W-linked gtyccsylaiion; double 
overline. area for possible 6-linked gh/cosylation: underline, a potential nuclear targeting 
signal, triangles, two sites of single amino acid substitutions. Gin 33 is replaced by Arg in * 
preHRG-01, £2. 3nd -[i3 and Me! is replaced by Lys in proHRG-32 at position 463. (C) 
Alignment of HRGs with human EGF family members. Shown are the EGF-iike structural units 
of the indicated molecules. HRG sequences begin with amino acid 1 75 of the profomns. other 
proteins arc numbered relative to amino acid 1 of their mature forms. Amino acids strictly con- 
served ore shaded. 
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* * • 

«70 PFMEZEWULVTPPW^KfCfDWIPOQFSSFHtttf 
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Dashes, gap3 in the 
sequence inserted for 
best alignment: over- 
lines, known or puta- 
tive hydrophobic do- 
mains: arrows, posi- 
tions of proposed 
(pioHPG) or known 
(others) COOH-termi- 
nal processing: aster- 
isk. COOH-lermtnus 
of proHRG-p3. 
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screen -a X-gtlO cDNA library constructed 
wich mRNA from the MDA-MB-231 cells 
(14). One hybridizing clone, which ap- 
peared to encode a precursor of HRG-tt 
(proHRG-a), was isolated and sequenced 
(OcnBank accession numbers M94165. 
M94166, M94167. and M94168). This 



clone (Fip. 2A) encodes a reading frame 
that is open at both the 5 # and 3' ends. 
Related coding sequences were discovered 
in other Xgt 10 libraries from MDA-MB-23 1 
cells (14) as cDNAs that encode the NH 2 - 
and COOH-termini of proHRG-a (Fig. 
2A). The cDNAs encode proteins of 640, 
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Flg. 3. Hybridization stud- 
ies of human cell line and 
tissue mRNAs. A radiola- 
beled DNA fragment in- 
cluding proHRG-a nucleo- 
tides -90 through +610 
(Fig. 2A) was. hybridized 
■;-iih poJyadenyiated mRNA 
, ; j from ihe sources 
indicated below. Tho RNAs 
were first separated ac- 
cording to si2Q by electro- 
phoresis and transferred to 
nitrocellulose. (A) Human 
cell line mRNAs. M. MDA- 
MB-231; S. SK-BR-3 (ATCC # HTB 30). (B) Various human tissue mRNAs. Lanes 1 through M are 
breast, uterus, prostate, siomach. hearv bram, pl3cen:a. lung, liver, kidney, skeletal muscle. 
&<?ncrea$, ovary, testis, salivary gland, small intestine, and spleen, respectively. 
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645. 637, and 231 amino acids, which we 
have termed proHRG-a, proHRG-01, pro- 
HRG-(32 f and proHRO-p3, respectively. 
The initiating methionine was assigned on 
the basis of an in-frame stop codon 444 
bases upstream. Because a termination sig- 
nal (TAA) exists at identical positions in 
both proHRG-31 and proHRG-p2 cDNAs, 
a stop was assigned at a corresponding site 
in the sequence of proHRG-ct. The four 
HRGs are distinguished by a variable region 
of 19 to 29 amino acids beginning at posi- 
tion 212 (Fig. 2B). The predicted amino 
acid sequences of prcHRG-pI, proHRG- 
P2, and proHRG-p3 diverge from that of 
proHRG-a at this point and for the next 18 
residues (through position 230) they share a 
common sequence before diverging further 
and losing similarity :o one another. After 
residue 230. proHRG-pl continues for nine 
more amino acids and proHRG-p2 contin- 
ues for a single amino acid before both 
resume identity with proHRG-a ac pro- 
HRG-a position 235. The proHRG-03 
cDNA encodes 1 1 residues beyond position 
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Fig. 4. Specificity of interaction of HRGs with piSS"' 062 . (A) 
Scatchard analysis of IM MabolGd HRG-pi 177 .^, bincing to 
MCr-7 colls. Escherichia co/^fty pressed, truncated rHRG- 
i7?o^i (24) was la be I od witn 8olion-Hunter reagent 
(ICN) (32) and purified by reversed- phase HPLC (specific 
activity, 150 nCi/ng). MCF-7 cells (ATCC # HTB 22) were 
mcubated in medium with various concentrations of unlabeled 
■" HRG- (51, „..,,,, and 3 conetant amount of ,25 J lobclod rirnC- 
^ 177-241 f° r 1 $ hou/s at 4°C. Unbound ligand was renrioved. 
and cells were washed with icc-coJd medium. The amount ot 
radioactivity bound was dctcrmine-d after solubilizing the cells 
^vir-h 0.1 N NaOH containing SDS (0.1%). Einding data were 
analyzed using a nontinoar regression program (33). (B) .„ 
Competitive inhibition of binding cl ,rs l-labeied EGF to A431 "** ' 

cells (ATTC # CRL 1555). Cells were incubated with various concentrations of EGF (squares) or rHPG-|4i 177 .^ 41 (cire'es) as desc/'ced above but with 
'^•labeled EGF (specific activity. 200 n-OVg). (C) Cross-linking of ^WabAled iHRG-f31 177 . 2 „ to celMines expressing piSS""*. SK-BR-3. 
mda-mb-453 (ATCC # HTB 131), or MCF-7 cells (2.0 x io 11 ) were suspended in Hank's babncedsalis (Gibco-BRL) and incubated with ,K i-iabcicd 
rHRG-pi 177 ^, (io c cpm) tn the absence (-) or presence (+) of unlabeled rHRG-pi 177 . 341 (100 nM) for 30 min at 22-C Eis(suifosuccinimidyi) suboraic 
'Pierce) was added to the cell suspensions (final concentration, i mM) and the incubations were continued for 30 min. The cells were washed with 
tris- buffered saline (TBS) and dissolved in SDS sample buffer. Samples were run on a polyacrylamidc gol (7%) and bands were visualized by 
autoradiography. Molecular si*e standards are in kilodaltons. (D) Cross-linking of 12S l-labeled rHRG-pl 177 . P41 to MDA-MB-453 cells and mnmunopre- 
cipita:ion of the complex with antiserum to pl85"°° z . '"l-iabelcd rHRG-pi l77 , MJ was cross-linked to MDA-MB-453 colls as described in (C) except tt<al 
after the TBS wash, the colts were fysed in TBS containing Triton X-100 (0.5%). Immunoprecipitations (IP) wore pertormec on pcrJons of eatn lysate 
^vHh either the guinea pig antiserum to the extracellular domain of pi85 c/ce * or normal guinea pig serum as a control Samples were prepared m SDS 
sample buffer, run on a potyacrylarnide gel (5.5%), and visualized by autoradiography. Lane i, celt tysale in tne absence (-) of unlabeled HfiG; lane 
2. cell l/satc in the presence (+) of HRG (100 nM); lane 3. same as lane 1 but immunoprccipiiated with anti-pi as* 002 ; lare 4, same as tano 1 bui with 
normal goat serum; lane 5, same 3S lane 2 but immuncprecipitared with anti-pi 85*' w (E) Cross-linking of '^l-laboled EGF to MDA-MB-468 colls 
(ATCC p HTB 1 32). Cells were suspended in Hank's balanced salrs and incubated with 135 l-labfiled EGF (Amersham). Lano 1 1 eel; lysate in ihe absenco 
(-) of untaboled EGF; lane 2, cell lysate in the presence (+) ol EGF (100 nM); and lane 3. cell lysate in the presence (+) ot 100 nM rHRG-pi 177 . W1 . 
CroBs-tinking was performed as described in (C) The ceils vvere dissolved in SDS sample buffer and run on a poiyacryiamide gel (5 5%). Bands were 
'"Suaii2ed by autoradiography. 
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Fig. 5. Specificity and mitogenic activity of heregulins. (A) IrTWunoprecipitation of pl85* ,tC£ afier stimulation of MDA-MB-453 cells. Cells (2.0 x 10°) 
were suspended in 50 mM Hepes (pH 7.4) buffer containing 150 mM NaCi, 2 mM MgClj. 1 mM MnCLv, and 1 mM EGTA and incubated in the piesence 
(+) or absence (-) ot rHRG-01 (4.0 nM) {24) for 15 min al 22°C. Cells were lysed in the same buffer containing Triton X-100^1.0%), 200 m-M Na 3 V0 4 , 
and 10 mM EDTA. The pi85 efSO - was immunoprecipilaled with guinea pig antiserum to the extracellular domain of Blots were probed with 

antiserum (e*HER2) to a synthetic peptide corresponding to a COOH-terminal region of pi e5 cf=<32 (54 or with a monoclonal anribody to phosphotyrosinc 
( 12). Bands at mc bottom of the gel are due to the reaction of secondary antibodios with ihe antibodies used in the immunoprocipiiaiion. (&) Stimulation 
of tyrosine phosphorylation in MDA-MB-468 and MCF-7 cells/ Cells were treated with various concentrations of EGF. rHRG-a. or rHRG-pl and the 
increase in ryrosino phosphorylation ot the EGF receptor (p!70) and pieS*'*^ was quanmated. Lanes 1 to 4, MOA-MB-468 ceils; lanes 5 to 8, MCF-7 
cells. Lane 1. human recombinant EGF (I nM) (Upslale Biotechnology); fane 2. rHRG-a (10 nM); lane 3. rHRG-p1 (10 nM), lane 4, no ligand; lane 5. 
EGF (10 nM). lane 6, rHRG-a (1 nM); lano 7, rHRG-f31 (1 nM); and lane' 8, no Itgand. (C) Stimulation of tyrosine phosphorylation by rHRG-a and rHRG-01 . 
MCr-7 cells were incubated wiih various concentrations of rHRGs, and the increase in tyrosine phosphorylation of pi85* rW " quantitated as described 
{12). The data were til to a four-parameter nonlinear least squares equation EC 5C 's for both rHRG-a and rHRG-3 were -40 pM. (O) Stimulation of 
proliferation ot SK-BR-3 cells. Cells (10 4 cells per well) were plated in 96-well microliter plates and incubated with rHRGs or the cytostatic monoclonal 
antibody dOG (5) lor three days before quantitation with crystal violet {8). Quadruplicate wells were tested al each sample concentration Hall-maximal 
stimulation was observed at -20 pM 



230 before a scop codon is encountered- 

Amino acid hydropathy analysis (Fig. 
2 A) of-proHRG-ft, -01, and -02 revealed a 
2 3 -a mi no acid hydrophobic region includ- 
ing amino acids 243 to 265 (Fig. 2) that 
mov be a transmembrane domain or inter- 
nal signal sequence. This suggests that the 
mature HRG-a, -01, and -02 molecules of* 
45 I'D whose sequences arc found on the 
NHj-cenminal side of this region may be 
derived from a transmembranc-anchored 
precursor molecule. The proHRG-(33 pro- 
tein does not contain this hydrophobic 
region and is predicted not to be mem- 
brane-bound. Unlike typical signal se- 
quences the NH 2 -terminal amino acids of 
these proteins are not hydrophobic. In- 
stead, the first 23 amino acids arc dominat- 
ed by charged residues and contain a se- 
quence (GKKKER; residues 13 to 18) that 
closely resembles the consensus sequence 
motif for nuclear targeting (15). 

The NH^-terminus determined for 
HRG-a (/3) begins with serine 2 encoded 
by the cDNA. Analysis of COOH-termi- 
nal peptides (13) of the mature HRGs 
indicated that none of the COOH-tcrmini 
extended beyond HRG-a position 241 
(Fig. 2C). Thus, the mature HRGs prob- 
ably range in $i:c from 228 to 241 amino 
acid* with a predicted molecular si2c of 
~ 26 kD. Post-translacional modification 
occurring ai predicted glycosylation sites 
could account for the difference between 
the predicted and observed (—45 kD by 
SDS-PAGE under reducing conditions) 
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molecular sizes of the HRG*. 

The HRGs, with the exception of HRG- 
[}3, each contain twelve cysteine residues 
(Fig. 2), 6 of which arc clustered within a 
40-amino acid sagmeftt adjacent to the 
putative transmembrane region. The char- 
acteristic number and relative positions of 
these cysteines, as well as the strict conser- 
vation of two glycines and an argininc 
residue within this region (Fig. 2C), estab- 
lish the HRGs as members of the EGF 
family (/6). Between the first and si*th 
cysteines the HRGs are most similar (45%) 
to heparin-binding EGF-like growrh factor 
(HB-EGF) (17). In this same region they 
arc 35% identical, to amphircgulin (AR) 
(IS). 32% identical to TGF-ct (19) . and 
27% identical to EOF (J6). Outside of this 
EGF motif there ts i little similarity between 
HRGs and other members of the EGF 
family. EGF.' AR, HB-EGF, and TGF-a arc 
all derived ft.es m membrane-anchored pre- 
cursors that are cleaved on both sides of the 
EGF structural unit to yield 50- to S4- 
amino acid mature proteins (16-19). Like 
the EGF family members, the HRGs appear 
to be derived from a membrane-bound pre- 
cursor but require only a single cleavage, 
COOH-terminal to the cysteine cluster, to 
produce mature proteins. 

The expression of HRG mRNA in two 
breast carcinoma cell line* was studied by 
Northern (RNA) blot analysis with a 
cDNA probe encoding the NH 2 -terminal 
portion of proMRG-ct. Three major bands, 
representing transcripts of 6.6, 2.5, and 1.8 
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ld\ were detected in mRNA from MDA- 
MB-231 cells (Fig. 3A). No HRG mRNA 
was detected in the SK-BR-3 cell line, 
which ovcrcxpresses pl85 r,M * i . 

The various cDNA clones were mapped 
to the MDA-MB-231 transcripts by hybrid- 
ization with a panel of synthetic oligonu- 
cleotide probes (20). The NH : -tcrminal 
region common ro all four HRG subtypes 
hybridiicd with all three transcripts. Oligo- 
nucleotides corresponding to the sequence 
of HRG-a hybridised predominantly with 
the 6.6- and 2.5-kb transcripts, and oligo- 
nucleotides corresponding to the sequence of 
HRG-0 hybridbed more strongly with the 
1 .S-kb transcript. The common hydrophobic 
and COOH-terminal encoding regions of 
HRG-a, -(31, and -02 mRNAi hybridized 
with only the 6.6-kb and 2.5-lcb transcripts, 
whereas the divergent 3' region of HRG-ft3 
hybridized only with the 1.8-kb message {21). 

Various human tissues- were also exam- 
ined for the presence of HRG mRNA (Fig. 
3B). Transcripts were found in breast, ova- 
ry, testis, prostate, heart, skeletal muscle, 
lung, liver, kidney, salivary gland, small 
intestine, brain, and spleen but not in 
stomach, pancreas, uterus, of placenta. Al- 
though most of these tissues contained the 
same three classes of transcripts as the 
MDA-MB-231 ccHi, only the 6.6-kh mes- 
sage was observed in heart and skeletal 
muscle. In brain a single transcript of 2.2 kb 
was detected and in testis the 6.6-k b tran- 
script was present along with orhers of 2.2. 
1.9, and 1.5 kb. The tissue-specific exprcs- 
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\ion pattern observed for HRG differed 
from that of plSS^^ 1 . Adult liver, spleen, 
and brain contain HRG but not pl85 £rtB2 
conscripts (22), whereas stomach, pancre- 
as uterus, and placenta contain pl85 erbB2 
ranscripts (23) but lack HRG mRNA. 

To characterize physical and functional 
properties of the HRGs, recombinant pro- 
teins were produced. Recombinant HRG-ct 
(rHRG-a) and recombinant HRG-(J1 
( r HRG-3D representing mature (-45 kD) 
processed forms of proHRGs were purified 
from the conditioned medium of mammali- 
an cells transacted with full-length cDNA 
■loncs (24). Truncated versions of rHRG-a 
■rHRG-o l?wy> ) and rHRG-pl (rHRG- 
|3l |77 24l ) were produced in Escherichia coli 

(24) . "Direct binding of rHRG-pi ,„. 24l to 
pl6'5 <T * bi demonstrated in several ways.^ 
Scatcrurd analysis showed a single class of 
high-affinity binding sites (K, of 105 ± 15 
pM) on the surface of MCF-7 cells (Fig. 
4A), a cell line that expresses low levels of 
pl.$5 <rfcB * (25). Similar K 4 's were observed 

■ irh MDA-MB-453 cells and SK-BR-.3 
»ls (26). Whereas unlabeled EGF fully 
competed with l23 l-labclcd EGF for binding 
to A431 human epidermoid carcinoma cells 
[I x 1C 6 receptors per cell (27)1 rHRG- 
|31 l7? ux (at concentrations up to 500 nM) 
failed to compete (Fig. 4B), indicating that 
rHRG-pi| ?: .- 4l does not hind f,o the EGF 
rrceptor. Cross-linking ot lz M-hbeled 
rHRG-pl r - M1 to receptors on the surface 
YSK-BR-3 cells, MDA-MB-453 cells, and 
1CF-7 cells, which express high, medium, 
.ind low amounts of pl85" bD: . respectively 

(25) , revealed an — 190-kD complex, con- 
sistent with the >i:e expected of a complex 
between plSS**™ and the rHRG-p I l77 . 24l 
protein [7-9 kD (26)] (Fig. 4C). The 
amount of this complex was proportional to 
:l\c amount of pl85 CTftB2 expression on the 
various cell lines examined. Because of the 
.mall sire of rHRG-B 1 , 77 j^, ir is difficult to 
Jccermine the precise stoichiometry of the 
-190-kD complex. As has been observed 
with EGF and the EGF receptor (28) (Fig. 
4E) other larger complexes were present 
that may he oligomeric forms of cross- 
linked plSS^ 62 and rHRC-Pl 177 . i4l . 
These, complexes were eliminated when 
unlabeled rHRG-pl, j;.^, was added to the 
cells before cross-linking. Trie identity of 
the cross-linked material was confirmed by 
unrminoprecipitation. Polyclonal anthers 
from guinea pig to the extracellular domain 
of pl85 oi>E: precipitated cross-linked com- 
plexes from MDA-MB-453 cells that comi- 
gratcd during SDS-FAGE under reducing 
conditions with cross-linked complexes that 
had not been immunopree.ipitatcd (Fig. 4D). 
liTelevant guinea pig antiscra yielded no 
complexes after precipitation. Cross-linking 

I2S I-hbeled EGF to EGF receptors on the 
surface of MDA-MB-46S cells was abolished 
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by addition of excess unlabeled EGF and 
unaffected by addition of rHRG-pl^.j^ 
(Fig. 4E), thus further substantiating that 
rHRG-pl n7 . 24l does not compete for EGF 
binding to the EGF receptor. 

We immunoprccpitated plSS"** 2 from 
MDA-MB-453 cells (which contain moder- 
ate amounts of plSS^ 2 but no detectable 
EGF receptor) (25) and detected the protein 
by immunoblotting with antibodies to phos- 
phocyTOsine. The pi85" w protein was 
phosphorylatcd after treatment with -45- 
kD rHRG-pi purified from mammalian cells 
(Fig. 5A). or similarly derived -45-kD 
rHRG-a (26). The same result was obtained 
with MCF-7 cells, but a less intense signal 
was observed (26). Whereas both -45-kD 
rHRG-a and -45-kD rHRG-pl stimulated 
pl8S <rM " phosphorylation in MCF-7 cells, 
neither protein activated phosphorylation of 
rhe EGF receptor in MDA-MB-468 cells 
(which contain large amounts of the EGF 
receptor) (25) (Fig- 5B). This result is con- 
sistent with the fact that rHRG-pi,,;.^, 
bound directly r/> plSS^ (Fig- 4. A and 
D) and did not compete for binding to the 
EGF receptor (Fi*. 4, B and E). 

The rebtive ability of -45-kD rHRG-nr 
and -pi to induce phosphorylation of 
pISS^" was evaluated. Both proteins 
stimulated phosphorylation of pl85'^ E: on 
MCF-7 cells with a medium effective con- 
centration (ECjo) of -40 pM (Fig. 5C). 
Both rHRG-a and -01 stimulated the 
growth of SK-BR-3 evils with an EC 50 of 
-20 pM (Fig. 5D). Optimal stimulation bv 
cither molecule was observed at -400 pM; 
higher concentrations up to 10 nM were 
less effective in stimulating cell growth. A 
plS5" frfc2 ligwnd has been described that 
inhibits the growth ofSK-BR-3 cells (9). 

The hercgulin family described here 
shows the characteristics expected of a li- 
gand that interacts specifically with 
plSS^n*. yj. )C molecular properties of the 
hcrcgulins are different from those of other 
ligands that have been described (9-J 1) in 
that thev have a different size, they stimu- 
late rather than inhibit the proliferation of 
breast cancer cells in monolayer culture, 
and they increase tyrosine phosphorylation 
of pl85 crte2 but not of the EGF receptor. 
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12 Heregulin was purified f rom medium conditioned 
by MOA-MB-231 breast cancer cell* (ATCC * 
HTB 26) grown on Perc^H Biolytic/i microcofricr 
bead*. (Hyctone Labs). The medium (10 lit or $) 
was concentrated -25-loid by fDtraiton ihrough 0 
membrane M0-kD cmoH (Willipore) ana cioriiiod 
Dy centrifugstion and filtration thfOuQn a (illor 
(0 22 urn). The fiHrate was appiiorj 10 a heparin 
Sopnarosc column (Pnormacta) and ihe proieine 
woro olulod with siopi ol 0.3. 0.6. and 0.9 M NaC» 
in phcsphale-buRerad saline. Aci'rwiry in the vari- 
ous chromatographic !rac!iona was measured by 
quantising the increase in tyrosine DhOf.Dnoryla- 
tuD.n ol p185 -,nei in MCF-7 breast tumor cells 
(ATCC 0 HTe 22). MCF-7 ceils were Elated in 
54.wel! Costar pla-.es in F1? (Srt%) Oulftecces 
minimum essen:ial medium (50%) containing ?.e- 
rum (10*^) (10* colls per well), and allowed to 
anacn lor at least 24 hours. Prior to assay, cells 
wsre transferred inio medium without serum for a 
minimum of 1 hour. Column Iraciions (10 to 100 
nl) wpre incubated for 30 min. at 37'C. Superna* 
W% we't? then aspirated and the reaction was 
fKODDed by me add-on of S0$-PAGG sample 
Duffer (100 u.1) Samples were ncaico fcr 5 min. ai 
io6*C. ana portions (i0 to 15 ^l) woro oppiiod to 
a mo- glycine gfri (4 to 20%) inovc*). Aitor cicc- 
l/cphctcr.is. proteirs ^ere clectroDiotiod onto a 
peiyvinvUdcneciflijcrlae (pvOF) mornbrano and 
incn Dlccxcc wiin oo/inc *crum albumin (5%) in 
iris-bunercd saline containing Tweon-20 (0.05%) 
(T3ST). Blots wCfC probc?d with a monoclonal 
anliU?dy (11000 dilulion) lo phesphofyroano 
tU^siaic Biclecnnciogy) lor a rninirnum ot 1 hour 
a: 100m icmpcraturc. Slots woro washed with 
T9ST. probed with an antibody \o mouse immu- 
noglobulin G conjuQated to alkaline phosphatase 
(Promeeja) (diMed 1:7500) for a minimum of 20 
min at room temperature Reactive bands were 
visualized with £-bromo-4-ehloro-3-indoy!- 1 - 
pnospnate and nitro-blue tetrazolium. Immuno- 
bicts were icnnned ^ith « Ccon Jet Plus (1 le^cn- 

Packard) densitometer. Signal intensities for un- 
stimulated MCF-7 cells were 20 to 30 units. Fully 
stimulated pies*^ 2 yielded signals ol 180 to 200 
units. The 0 6 W WaCl pool, which contained most 
ol the activity, was applied to a potyas panic acid 
(PolyLC) column equilibrated In 1 7 mM socfium 
pnocpnaic (pH 6 8) containing cinanoi (30%). a 
linear gradient from o 3 M to 0.6 M NaCi In ihe 
equilibration buffer was used to elute bound pro- 
teins. A peak of activity (at -0.45 M NaCi) was 
fufiner tractionaiod on a C4 rovo( sod-phase col- 
umn (SynOvopak RP-4) oqui'ibratod in bull or 
containing TFA (0.1%) and ocotonitrile (15^) 
Fioteina wero eluted frcm this column with an 
aceioniirilo gradient bom 25 to 40% over 60 min. 
Freclions (1 ml) woro collected, assayed for ac- 
trviry (Fig. 15). and analyzed by SDS-PAGE on 
tris -glycine gels (4-20%. Novex). 
13. HPLC-purified HRG-u waa digested wth lysine C 
in SOS (0.1%). 10 mM dhhiolhreilol. 0.1 M 
NH^HC0 3 (pH 6 0) for 20 hours al 37*C and the 
resultant tragmcnts wero rccoivod on a Syncnrom 
C< column (4000 A, 0 2 by 10 cm) Tne column 
was equilibrated in o.i% TFA and ejuica wltn 3 
1-propanol gradient in 0.1% TFA (Vv. J Hen2el. J. 
T. Slulls. C. Hsu. D W. Aswad. J. Biol Chem. 264. 
15905 (1999)1 Pca^s from the chromatographic 
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run woro dried under vacuum and sequenced. 
One ol-lhe peptides (eiuting at -24% 1"P^"°? 
■ gavo tno sequence [AJAEKEKTF [C]VNCGEXFM. 
VKDLXNP. Residues in bracfcois were uncertain 
end an X represents a cycle in wtiicn il was not 
possible to identify the amino acid. The initial y ftW 
was 8.S pmol and the sequence did no! corre- 
spond to any known protein. Residues 1. 9. lS. 
3nd 22 were later identified in the cONA soqucnce 
gs cysteine. Direct sequencing ol iho -*5-kD 
band from a gel that had been overloaded and 
blotied onto a PVDF mambrano rovoalod a low 
abundance sequence XEXKElG]lRjGK[GlK[G]- 
KKKEXGXG[K] with a very low initial yield '$2 
pmol) Tnls corresponded to residues 2 to 22 ef 
nroHRG-a (Fig. 2). suggesting tnal serine 2 is me 
NHj-toi minus of proHRG-a. Although the KH S - 
lerminus was blocked, we har/o observed that 
occasionally o small amount ol a normally tfocV.ed 
protein may not be posWrandationaUy rnoCirrcd. 
The NH<iorrrtnal assignment was confirmed by 
mass sDecttomotry of the protein after digestion 
with cyanogen bromide. The COOH-tenrvrus c! 
the Isolated proioin has not been definiter/ identi- 
fied; however, by mixture scauencing of o/oieof/t- 
ic digests, the maturo sequence does not apc*3f 
to extend pest residue 24 1 . Abbreviations for ami- 
no acid residues oro: A, Ala; C. CyS; 0, Asp. E. GHj; 
F Pno. G, Gly: K His; I. IIC; K. Lys. L. Leu. M, Mot; 
ri. Asn. P, Pro; Q. Gin; R. A/g. S. Scr, T, Thr; V. Va.. 
W. Trp. and Y, Tyr. 
1« An oiigofoT)-prirncd xgnO fj. v. Huynn. =i A 
Young, R. W. Davis, AtfiO ano 4 xgtl i DWA Cis">- 
;oa TccnniQuos: A Practical Approach 0. Glove/. 
Cd (IRC Press. Oxford. 1984)] cONA Ibrary was 
constructed [U. Gubler and 6. J. Hoffman. Ge^a 
25. 263 1 1 983)] with mRNA pjfiliCO (J W Cr*r\wf.. 
A *E Przybyla, R. J. MacOsnald. W J Rt:rer. 
Biochemistry 13. 5294 (1979)] Irom MDA-M&-231 
c«lls. Tnc fallowing eichibld degenerate .w- 
tisensa ooovyoliQonudosti'Jo cncodina ine 12- 
arnmo acid sequence AEKEKTFCVNGCS *'-) 
was designed on the basis cf numan ccrtcn 
frequency optima |R Lamo. J. Mof Biol. i&3 J 
(1985)] and cnemiciilly syntnesi^ed: ="- 
CTCGCC(G or T)CC{A of G)TTCAC(A or G)CA- 
GaaCGTCTTCTCCTTCTCaGC'3*. For :be sj;- 
posc of probe design a cysteine was essigred 
an unhnown residue in the amino ac.'C sequence 
( ; J) Tnc probe was tabelod Dy phosphorylation 
and hybridized under law-siringcncy cerv-.ii ens 
to the cDNA library. The prc-HRG-a protein 
identified in tns flora*/. HFG-&1 cDtJA war. 'den- 
lified by probing a second o!igo(dT)-pfimc3 .Kg! 10 
library rrwdrf horn MDA-MB-231 ceil snfcNA *«n 
sequences derivot3 irom Do:h the 5' end 3* ends 
Of proHRG-u. Clone 1 3 (F'O 2A) was a product cf 
screening a primed (S'-CCTCGCTCCTC^CT. 
TGCCCTTC-3* primer, proHRG-a antisonsc nu- 
cleotides 33 to 56) MDA-MS-231 XgtiO IC/ory 
with 5' HRG-a sequence. We used a soqucrce 
corresponding to the 5' end of clono 1 3 as me 
probe, to identify proHRG-p2 snd proHRG-£3 O a 
third oliQofdTj-primed xgno library derivec Ircm 
MOA-MB-231 cell mRNA Tw3 cDNA clones en- 
coding eecn of the lour hPGs were sequenced 
IF Sanger. S. MilHon. A R. Coutson. Proc. .Va* 
Acaa.Sci USA 74. E4G3 (1377)]. Another cDna 
cosignaied clone e4 nas an anvno acid seq^erce 
identical to prcHRG-(i2 through amino acad 42C A 
stop cod on at position 421 is I ill owed by a 
dilforcni 3'-untranslated sequence 
IS. B. .Roberts, Biochim. Btophys. Ac/a. icre. 
(1969). 

16 G 1, Bell er el. Nucfoic Acids fles. 14. c*27 
(-,9B6). 

17. S. Higoehiyama. J. A. Abraham. J. MJter. J C 
Fiddes. M. Klagsbrun, Sctance 251 . 93G (1931) 

13. G. 0. Piowman ef 5/., Mo/. Con. 9=oi. 10. "S£9 
(1090). 

19 R DeryncK, A. 8 Roberts. M. £. V/inVicr. E, Y 
Chen. D. V. Gceddel. Co// 38. 2S7 (ine*). 

20. Fourtoon oiigonucleotida probes to the conscr.-ed 
ana divergent regions of the proHRGs were 
chemically synthesized. RNA btct n>Drii ! 23 ! .bns 
wuio dono with indivtdua! radioi3beloq probes on 
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ponions (5 ^g) Of MDA-MS-231 cell POryfA)* 
mRMA thai woro separated according to size oy 
get electrophorosis and transferred lo nitrocellu- 
lose 

21 J Lee and W. v;ood, unpublished data. 
22* Y Yonemura * a/.. Cancer fles. 51. 1034 (1991); 
' s* Jam e! a/, w. J. Cancer 48. 668 (1991); N. R. 

umoine er Br. J. Cancer G4. 79 (1991); J. 

Yotola ctaL Or-cogeno 2 263 (1988). 

23 M F. Press, C'Cordon-Cafdo, D. J. Siamon. 
' Oncor»rtne5!953 (1990). 

24 Tho proHRC-a and proHPG-ftl cDNAs wo/o 
spficcd into Epstein Barr virus-derived expres- 
sion vectors containing a cytomegalovirus pro- 
motor The fHRGs woro purified [essentially as 
cescribed (^)l from tho serum-free conditioned 
medium of stably trunsfected CEN4 colte (human 
kidney 293 cells (ATCC no. CPL 1 573) exp/ossmg 
tho Epstein 9arr virus EBNA-1 trensaclivoior). 
Amino acid sequence analysis of proteolytic di- 
gestion products from r HRG-a and -B1 conlirmcd 
their s'jniiariry » natural^ do/ived HRGs, which 
appear to bo cleaved versions of proHRGs (W. 
Henzel unpLOlished data). A factor causing 
r^osphoryiatian of plBS-" 04 was derived from 
conditioned medium of tranaloclod COS7 monVey 
Wdney cells transiently translectod with con- 
structs expressing full-iength proHRG-n, -01, or 
-»2 {2V). HCwcvir. similar constructs expressing 
proHRG-^3 filled to yield activity. Suggesting that 
the hydrophobic domain missing in proHRG-ii3 
mav be necessary for delivery of tho precursor to 
ine ceu surface and cleavage to form tnc mature 
CXOlPin Trun:atcd versions cf proHRG-a (63 arru- 
no OCins. sof'HO 177 10 tyrosine 239, (rHRG 

)] and croHRG-p1 [68 amino acids, so/ine 177 
fo'lyrosine 241 frHRG-&1 ,„.^,)| (Fig- 2B). oacn 
encoding the EGF structural unit end immediate 
flanking regons. vvero expressed in £ con. Those 
proteins were purified from tnc pennlaf-mic space 
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Less Mortality but More Relapses in Experimental 
Allergic Encephalomyelitis in CD8 Mice 

Dow-Rhoon Koh, Wai-Ping Fung-Leung, Alexandra Ho, 
Dawn Gray, Hans Acha-Orbea. Tak-Wah Mak 

Mice lacking in CDS were generated from homologous recombination in embryonal _stem 
S S the CD8 locus and bred with the experimental allergic ence pha omye rt,3 » (EAE)- 
susceot ble PL'J H-2" through four backcross generations to investigate the role of CDS 
T iSis ^de. of mu.fi sclerosis. The disease onset 

to tfme of wild-type mice. However, the mutant mice had a milder acute EAE. rejected 
by fewer deaths^ut more chronic EAE. reflected by a higher frequency of relapse. This 
SggTsts that CDS"* - T lymphocytes may participate as both effectors and regulators .n th.s 

animal model. 



Experimcutitl allergic encephalomyelitis is 
a T cdWeperidant, induced »utoin^munc 
di^ase *^and is considered an instructive 
experimental model for the human demy- 
elinating disease mutriple sclerosis because 
of the pathological and clinical similarities 
between the cwo. £A£ can be induced in a 
variety of animals by injection of myelin 
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b^ic protein (MRP), proteolipid protein 
(PLP), or peptide fragments of the proteins 
along with an adjuvant (1-3). 

The role of T cells in EAE has been 
amply substantiated by immunological ap- 
proaches such as nconntal thymectomy (4) 
and T lymphocyte depiction with antibod- 
ies (5, 6) as well as by the ability to transfer 
disease into a naive mou.se with activated 
CD4* T cells (7-12). Depiction of CD4+ 
and CD8* T cell subsets implicates the 
CD4 + cells as the main disease-initiating 
component (5, 6. 13. 14). Studies involv- 
ing antibody depletion in rats (13, 14) have 
not implicated CD8* cells as having a 
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